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Abstract

A novel CO2 heat pump system was provided for use in fuel cell vehicles, when considering the heat exchanger arrange-
ments. This cycle which had an inverter-controlled, electricity-driven compressor was applied to the automotive heat pump sys-
tem for both cooling and heating. The cooling and heating loops consisted of a semi-hermetic compressor, supercritical pressure
microchannel heat exchangers (a gas cooler and a cabin heater), a microchannel evaporator, an internal heat exchanger, an ex-
pansion valve and an accumulator. The performance characteristics of the CO2 heat pump system for fuel cell vehicles were
analyzed by experiments. Results for steady and transient state performance were provided for various operating conditions.
Furthermore, experiments to examine the arrangements of a radiator and an outdoor heat exchanger were carried out by chang-
ing their positions for both cooling and heating conditions. The arrangements of the radiator and the outdoor heat exchanger
were tested to quantify cooling/heating effectiveness and mutual interference. The improvement of heating capacity and coef-
ficient of performance (COP) of the CO2 heat pump system was up to 54% and 22%, respectively, when using preheated air
through the radiator instead of cold ambient air. However, the cooling capacity quite decreased by 40e60% and the COP fairly
decreased by 43e65%, for the new radiator-front arrangement.
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1. Introduction

Environmental concerns such as ozone depletion and
global warming have been growing in recent years. R134a
is not a perfect solution as an automotive representative re-
frigerant, because it causes global warming. On the other
hand, the global warming potential (GWP) of CO2 refriger-
ant is 1/1300 times lower than that of R134a. Furthermore,
the size and weight of CO2 automotive air conditioning sys-
tem can decrease because CO2 can operate at high pressure
with increased volumetric refrigeration capacity.

Nowadays some studies on the CO2 automotive air con-
ditioning system have demonstrated that the system could
provide the performance level of the conventional R134a
system [1e4]. The reason is that the two systems are not
equivalent with different components. For the CO2 auto-
motive air conditioning system, the use of an internal heat
exchanger and microchannel heat exchangers is the most
obvious difference, and higher compressor efficiency is
also a very significant difference [3,5,6].

Based on the automotive air conditioning system, the heat
pump system mainly used in electric, hybrid and fuel cell ve-
hicles as well as high efficiency diesel engines has been de-
veloped. This system can handle the increasing need for
supplementary heating for cold seasons. The heat pump sys-
tem must be efficiently utilized for the cabin heating of fuel
cell vehicles in the absence of exhaust heat source of rela-
tively high temperature as in internal combustion engines.
In internal combustion engine vehicles, since the compressor
is a belt-driven device coupled to the engine crank shaft, its
cycling rate is directly related to the vehicle speed. The losses
of the heat pump system increase with elevated vehicle speed,
and thus with high compressor cycling. However, the com-
pressor used in the heat pump system for fuel cell vehicles
is an electricity-driven compressor, and thus the speed of
electricity-driven compressor can be adjusted independently
of the vehicle speed to meet the cooling and heating loads.

The CO2 heat pump system for both cooling and heating
in the cabin of fuel cell vehicles has to be designed in rela-
tion to the heat release of a fuel cell stack. The heat pump
system for heating is operated considering the exhaust heat
from the fuel cell stack. Also, the heat pump system for cool-
ing should be dealt with considering the stack cooling sys-
tem with the radiator, because there is a close interaction
between their heat exchangers (a radiator and a gas cooler).
The issue of heat release in the stack has been known as one
of the show-stoppers for the development of fuel cell vehi-
cles. A PEM fuel cell system of 50 kW electric output
with energy conversion efficiency of 50% is dumping the
heat of 50 kW that must be removed from the stack in order
that the stack can operate at proper reaction temperature.
Therefore, if utilization of the exhaust heat is well devised,
the fuel cell system will be more effective [7]. For both
the heat pump system and stack cooling system, it is very
important to manage and make maximum use of the exhaust
heat from the fuel cell stack.

In this study, the test results are shown for the cooling
performance of the CO2 heat pump system obtained under
various operating conditions at steady and transient states.
Also, the experiments for examining the placement of
exterior heat exchangers are carried out by changing their
positions for both cooling and heating in the cabin.

2. Test facility and data analysis

The CO2 heat pump system with novel design was
provided for use in fuel cell vehicles considering the heat
exchanger arrangements. Fig. 1 shows the layout of the
test facility of the CO2 heat pump system. The refrigerant
loop consisted of an inverter-controlled, electricity-driven
compressor, supercritical pressure microchannel heat
exchangers (a gas cooler and a cabin heater), a microchannel
evaporator, an internal heat exchanger, an expansion valve
and an accumulator. The CO2 compressor is a semi-hermetic

Nomenclature

COP coefficient of performance
Cp specific heat (kJ kg�1 K�1)
h enthalpy (kJ kg�1)
hfg evaporating enthalpy of moist air (kJ kg�1)
_m mass flow rate (kg h�1)
P pressure (MPa)
DP differential pressure (kPa)
_Q heat capacity (kW)
RH relative humidity (%)
T temperature (�C)
_V volume flow rate (m3 min�1)
n air speed (m s�1)
W humidity ratio (kg H2O (kg DA)�1)
_W compressor power (kW)

Subscripts
a air
c coolant
ch cabin heater
e evaporator
i inlet
ind indoor
l latent
o outlet
out outdoor
r refrigerant
rad radiator
s sensible
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